ABSTRACT Sand ßies are small blood feeding dipterans that are primary vectors of numerous human and livestock pathogens. Control efforts are often complex and multidimensional. A fundamental step in the development and implementation of any integrated pest management (IPM) program is the reÞning of effective surveillance and identiÞcation techniques. Before this study, the presence of two species, Lutzomyia shannoni (Dyar) and Lutzomyia vexator (Coquillett) became known in Kentucky and surrounding states. To understand the spatial distribution of these species across heterogeneous landscapes in this region, trapping was conducted at random locations in previously designated habitats. Although a lack of clear data prevented any conclusions to be drawn for the preferences of L. vexator, the species of greater medical and veterinary importance, L. shannoni, was documented to show a strong preference for habitats along the wooded edges of pasture lands. In the region of study, these lands are frequently used in the production of beef cattle and other livestock, reinforcing the veterinary signiÞcance of the Þndings. Because of their familiarity to vector control ofÞcials and operators, mosquito species compositions were compared with the recorded abundance of L. shannoni across the varied habitats. The linking of this information should prove useful to management plans for the phlebotomine, if warranted in the future.
The importance of habitat on the spatial distribution of many species of phlebotomine sand ßies is often, at best, poorly understood (Young and Duncan 1994) . Lutzomyia shannoni (Dyar), the most anthropophilic species in the United States (Young and Perkins 1984) , is no exception. Recent detection surveys have expanded the known range of this species northward by several hundred kilometers (Haddow et al. 2008 , Minter et al. 2009 ) and other studies have revealed some information regarding temporal activity and trap capture of L. shannoni (Brinson et al. 1992 , Comer et al. 1994 , Minter et al. 2009 , Mann et al. 2009 , Minter 2010 , Mann and Kaufmann 2010 , Minter and Brown 2010 .
Although L. vexator, which feeds on cold blooded vertebrates (Young and Perkins 1984) , does not likely present a concern to public health, L. shannoni, has been documented as a competent vector of a number of human and livestock diseases, including the New Jersey strain of vesicular stomatitis virus (Comer et al.1990 and Leishmania mexicana, American Cutaneous Leishmaniasis .In addition, a spread of endemic American Cutaneous Leishmaniasis has recently been documented (Wright et al. 2008) . Further, the ability of this species to potentially vector old world Leishmania major appears possible (Claborn et al. 2008) .
Based on previous detections in the regions where sand ßies have been studied by the University of Kentucky (Tennessee, Kentucky, and Ohio), habitats located along the edges of ecological transition zones, which are largely dominated by mature stands of hardwood trees (particularly oak, Quercus spp.) yielded the most productive sites for L. shannoni, (Kovacic 2007 , Minter et al. 2009 , Minter 2010 . Although this data are largely anecdotal, this apparent association with this forest type has previously been noted elsewhere in the United States by other investigators. Goddard and McHugh (2005) made generalized statements that L. shannoni was captured most frequently in areas of mixed hardwood forests, in reference to detection studies conducted in Mississippi. However, the only detailed examinations of sand ßy habitat in North America were conducted on Ossabaw Island, off the coast of Georgia (Comer and Corn 1991 , Brinson et al. 1992 , Comer and Brown 1993 , where the presence of L. shannoni was signiÞcantly and positively correlated with the presence of maritime Live Oak (Quercus virginiana Mill) for-ests, and decreasingly less so in mixed hardwood and coniferous forests. The presence of tree holes in this area was also shown to be a signiÞcant factor affecting sand ßy distribution in this area (Comer and Brown 1993) . Lutzomyia shannoni has been repeatedly reported from tree buttresses in the tropics (Hanson 1961 , Williams 1970 , Young and Duncan 1994 . Claborn et al. (2009) (Covell 1968 ; F.W.K., personal communication; G.C.B., personal experience). As an additional metric of sand ßy habitat association, all collected mosquitoes were identiÞed and quantiÞed to draw generalized associations between the types of habitats where sand ßies are found and those inhabited by complexes of mosquitoes that may be familiar to public health ofÞcials and vector control managers.
Materials and Methods

Effect of Edge Habitat on Capture of L. shannoni.
To evaluate the effect of edge habitats on the spatial distribution of sand ßies as measured by trap captures, random sample sites were selected at the University of KentuckyÕs Western Kentucky Research and Education Center (WREC) in Princeton, KY. Sites were generated by placing a grid of Ϸ2.5-mm squares (10 squares per inch), printed on transparency Þlm over a satellite image (www.googleearth.com) of the WREC station area, displayed on an external monitor (IBM 15.4" model HBN 68, NY, NY) and viewed at an eye altitude of 4.95 m. This resulted in each block of the grid on the screen being equivalent to a 20 m by 20 m on the ground. It is important to note that these parameters are not necessary to apply this easy method of random site generation to future studies, but are given as examples and ensure replicability of these particular study sites.
The grid axis were labeled with each ÔticÕ assigned a value of one consecutive whole number. Potential test locations were identiÞed by the use of a random number generator (Haahr 1998) set to generate pairs of numbers within the limits of the grid (1Ð102, and 1Ð 60, respectively, for the x-axis and y-axis). The corresponding point was then assigned to one of the following treatment class habitat designations, based on visual inspection of the satellite image: woodland, pasture, or woodland-pasture ecotone (edge). To achieve a goal of Þve replicates of each class, at least eight potential sites of each class were recorded and evaluated (on the ground) in the same order as generated.
Woodland sites were deÞned as areas where the vegetation cover was dominated by woody stems at least 10 cm in diameter at breast height (dbh) (1.4 m vertical to the ground), whereas pasture sites were dominated by grasses and other herbaceous plants and trees were absent. Beef cattle were present in all pasture sites, but were free to roam in woodland areas as well. The woodland-pasture interface (edge) sites were deÞned as being parallel and in-line with the Ôhard edgeÕ of this boundary.
For selection of potential test sites, the only further limits placed on the points were that woodland or pasture sites must fall at least two grid spaces (40 m) from an edge and not in or on the interface of land currently in use for cultivated crops. This distance was based on the observations of Kovacic (2007) and to avoid interference from agricultural chemicals in cropland areas. Also, any sites which fell outside the boundaries of the UK WREC station or were later found to be in unnatural or impractical locations (e.g., ponds, roadways, buildings) were discarded. Exact site placement was determined by ÔscrollingÕ over a gridpoint and reading the longitude and latitude directly from the screen. Each point was stored as a waypoint on Googleearth and manually imported into a handheld Global Positioning Satellite (GPS) receiver unit (eTrex Legend, Garmin International Inc., Olathe, KS).
Sand ßy activity was measured through monitoring with standard Center for Disease Control (CDC) light traps (model 512, John W. Hock, Gainesville, FL). The traps were all identical, and were baited with light and Ϸ2.3 kg of dry ice (carbon dioxide) pellets contained in 1.89 liters "Contour" coolers (Igloo Products Corp., Houston, TX). The carbon dioxide (CO 2 ) gas was emitted via the spout on the top of the cooler and a through a 135-cm-long by 1-cm-diameter piece of vinyl tubing running from the bottom of the cooler to near the light source. Two Ϸ1-cm holes had also been bored into the side of the cooler to allow carbon dioxide dispersal. The light source was generated from a 1.5-volt incandescent light bulb located in its normal position, just above the fan. Each trap was powered by a 6.0-volt rechargeable deep-well battery and suspended at a standard height of 1 m between the trap opening and the ground from identical metal hooks.
The traps were identical to the familiar mosquito traps except that the collection cups were lined with 0.5-mm wire mesh. This is a Þner mesh than that found in a standard mosquito trap and is necessary because adults in the genus Lutzomyia are smaller than most common mosquitoes (Young and Perkins 1984) . When retrieving the traps, the sample cup was labeled, removed, and placed on dry ice to anesthetize the insects. The rest of the trap was then disassembled in reverse fashion of setup. Coolers were noted to always contain at least some residual dry ice at the time of collection.
Trapping was conducted on eight sample dates ranging from 10 June 2009 through 14 August 2009, which coincided with the population peak and decline of the Þrst annual generation and the beginning of the peak of the second annual generation of L. shannoni in this region (Minter 2010) . SpeciÞcally, dates were selected when weather was forecasted to be clear, warm, and have a low chance of precipitation, however, one sample date (18 June 2009) was discarded because of unexpected severe weather (tornadoes) in the area that hampered insect ßight and trap catch. The conditions described above have been noted to be optimal for sand ßy collection in this region (Kovacic 2007 , Minter 2010 .
Effect of Distance to Edge Habitat on Capture of L. shannoni. To further reÞne the effect of distance from the hard edge, a second design was employed, in which a Þnal total of 20 random points were generated and selected, as described earlier, however with the limit that all points were edge sites. Each of these sites was then randomly assigned one of the following treatment classes: hard edge, 7.6 m (25 feet) pasture, 15.2 m (50 feet) pasture, 7.6 m (25 feet) woodland, and 15.2 m (50 feet) woodland, for a total of four replications of each treatment. The hard edge sites were recycled sites (a random four of the Þve) from the Þrst analysis. Because these sites were generated in a random fashion, there were no additional statistical considerations needed to include them in this analysis as well. The other sites were deÞned by perpendicular distance from the edge point into the respective habitat (e.g., 15.2-m woodland refers to a site 15.2 m (50 feet) from the hard edge (tree-line) and perpendicular to it, into a woodland habitat).
Trapping was conducted on Þve sample dates ranging from 20 August 2009 through 15 September 2009, which coincided with the population peak and decline of the second annual generation of L. shannoni in this region (Minter et al. 2009 , Minter 2010 . As before, local forecasted meteorological conditions were considered. Sampling for this analysis was halted when cooler weather yielded a decline in the observable adult population, as noticed in this area during previous years (Minter et al. 2009 , Minter 2010 . A Þnal sampling (not included in the analysis) on 1 October 2009 conÞrmed the decline, as no sand ßies were captured.
After retrieval of all traps, the specimens were transported on dry ice and stored in a Ϫ20ЊC freezer. All sand ßies were removed from the trap cups and stored in 0.5-ml labeled vials, containing 70% ethanol. All collected phlebotomines were cleared in a lactic acidphenol based clearing solution (Bioquip Inc., Rancho Dominguez, CA) by using a modiÞcation of the methods presented in Maroli et al. (1986) , with the commercial clearing solution used as a substitute for boiling sodium hydroxide. Upon clearing, the ßies were temporarily mounted on glass microscope slides and identiÞed under a 20 ϫ magniÞcation, compound light microscope by using the standard North American phlebotominae key (Young and Perkins 1984) .
Mosquito Species Composition. All mosquitoes (Culicidae) were removed from the samples, identi- Þed to species based on morphology by using Darsie and Ward (2005) , and recorded. Statistical Analysis. For analysis, both designs were considered as completely randomized designs with repeated measures and sand ßy numbers considered as the response variable. Only L. shannoni specimens were considered in statistical analyses.
Correspondence analyses were carried out relating species compositions of mosquito species to habitat by using JMP (Version 9.0) software (SAS Institute 2011). All additional statistical analyses were conducted using the Statisitx (Version 8.0) software (Analytical Software, Tallahassee, FL). To standardize the variance between treatments, all sample totals of L. shannoni were initially increased by 0.01 (to account for zero values) and the sums were log transformed. After analysis, the values were back-transformed for graphical representation.
For the Þrst habitat investigation (effect of edge), a total of Þve sites in each habitat class were examined as replicates on eight sample dates. The total numbers of L. shannoni collected from traps were analyzed using a one-way, repeated measures analysis of variance (ANOVA) with mean separation using the differences of least square means. Interactions between sample date and treatment class were examined. If a habitat class consistently captured zero sand ßies across all sample dates the class was not considered as a treatment in any ANOVA because of violations of the assumption of common variance. These values are represented only graphically. Means were compared for each habitat class though the use of total sample means and standard errors.
For the second habitat investigation (effect of distance from edge), four sites in each habitat class in total were examined as replicates on Þve sample dates. To standardize the variance between treatments, all sample totals of L. shannoni were initially increased by 0.01 (to account for zero values) and the sums were log transformed.
The total numbers of L. shannoni collected from traps were analyzed using a one-way, repeated measures ANOVA with mean separation using the differences of lease square means. Interactions between sample date and treatment class were examined. If a habitat class consistently captured zero sand ßies across all sample dates was not, it was not considered as a treatment in any ANOVA because of violations of the assumption of common variance, and are only graphically represented. Means between treatments were compared for each habitat class though the use of total sample means and standard errors.
To examine if signiÞcant differences are present or changes occur throughout the season connecting the habitat type with the gender composition of L. shannoni captures, the male proportions of the total number of L. shannoni collected in each sample were calculated and transformed using the arcsine of the square-root transformation to allow normalization of the data sets. Analysis of gender composition was conducted for both habitat studies.
The consideration of both studies as repeated measures analyses is to account for autocorrelation that likely exists between samples taken on subsequent dates in the same locations. Prior observations indicate that patterns often exist between sand ßy capture rates and trap locations, suggesting strong relationships between samples taken from week to week in respective locations (Minter et al. 2009 ).
Results and Discussion
Although a few L. vexator specimens were collected, they were too few and sporadic in occurrence to allow any conclusions to be drawn regarding their response to the habitat classes. This species is reported to feed only on reptiles and amphibians (Harwood 1965) , and is therefore of little concern from the aspect of human or livestock health. Collection numbers, habitats, and dates were recorded (Table 1) and not used in further analysis. (Fig. 1) .
Effect of Edge
Analysis of the transformed total number of sand ßies per trap sample indicated signiÞcant effects on the sex ratio of L. shannoni by habitat (F ϭ 21.80; df ϭ 1,8; P ϭ 0.0016) and date (F ϭ 2.45; df ϭ 1,7; P ϭ 0.0294). Interaction between these terms was not signiÞcant (F ϭ 0.34; df ϭ 1,7, P ϭ 0.9322). The means and standard errors for habitat classes by sample date were presented ( Table 2 ). The trends of sex ratio of L. shannoni in the various habitats were illustrated (Fig. 2) .
Effect of Distance to Edge Habitat on Capture of L. shannoni. With the exception of an individual female (collected 26 August 2009), no additional specimens of L. shannoni were collected from the pasture sites located 15.2 m from the woodland-pasture ecotone, whereas raw averages per trap per night of 3.00 (Ϯ0.63), 1.65 (Ϯ0.42), 6.60 (Ϯ1.86), and 27.60 (Ϯ8.38) L. shannoni were recorded at the 7.6 m pasture, 15.2 m woodland, 7.6 m woodland, and woodland-pasture ecotone sites, respectively. Analysis of the transformed total number of L. shannoni (Fig. 3) . Analysis of the transformed total number of sand ßies per trap sample indicated signiÞcant effects on the sex ratio of L. shannoni by distance to edge habitats (F ϭ 8.45; df ϭ 4,15; P ϭ 0.0009) and date (F ϭ 6.12; df ϭ 4,4; P ϭ 0.0003). Interaction between these terms was not signiÞcant (F ϭ 0.34; df ϭ 4,16, P ϭ 0.0032). The means and standard errors for habitat classes by sample date were presented (Table 3 ). The trends of sex ratio of L. shannoni in the various habitats were illustrated (Fig. 4) . Mosquito Species Composition. In total, 3,391 and 2,826 mosquitoes were collected and identiÞed from traps set during both respective habitat studies and were recorded (Tables 4 and 5, respectively) . During the Þrst 8-wk sampling period, the mosquito species collected overall in the greatest numbers was Aedes vexans, which represented 46.4% of all mosquitoes identiÞed. Anopheles punctipennis and a combination of Culex restuans, Cx. pipiens pipiens and Cx. pipiens quinquefasciatus* also represented large portions of the total capture rate (11.4% and 14.6%, respectively) and were found in all habitats with Anopheles punctipennis showing a slight preference for wooded or edge habitats over pastures and an inverse trend for the Culex species. *Note: because of this study being conducted in a hybrid zone for the Cx. pipiens complex, the respective subspecies along with Cx. restuans are often considered as a single group in technical applications in Kentucky.
Although collectively only representing 14.0% of the total mosquitoes captured, Psorophora columbiae and Ps. discolor were overwhelmingly found in pasture habitats (91.1% and 93.7% of specimens collected, respectively), whereas only 6.1% and 6.3% of collections of these species, respectively, were from the edge habitats, and were essentially or totally absent in woodlands (2.0% and 0%, respectively). An inverse trend was noted for Aedes triseriatus and Ae. trivittatus (collectively 5.5% of total mosquitoes) as they were predominately collected from woodlands (89.6% and 72.7%, respectively), intermediately found in edge locations (10.4% and 27.3%, respectively), and likewise completely absent from collections in pastures.
Several other species were found sporadically in some or all habitats and comprised the remainder of captures. A similar trend of these speciesÕ preferences for woodland or pasture areas and the relative amount of overlap in edge locations continued to be reßected in captures during the second habitat study, as expected. These general trends were reinforced through the use of a canonical correspondence analysis that graphically illustrates the relationships of mosquito species to different habitat classes based on heterogeneity and type (Fig. 5) .
Discussion
In support of previous anecdotal observations, L. shannoni was overwhelmingly captured in traps placed in parallel with the tree-line in deciduous woodland-pasture ecotone habitats. Overall decreasing means of total L. shannoni capture were noted in either direction away from the tree-line of edge habitats.
These habitats, which yielded the highest numbers of L. shannoni were the same types of locations where approximately equal population proportions of pasture mosquitoes, Ps. columbiae and Ps. discolor, and woodland mosquitoes, Aedes triseriatus and Ae. trivittatus was suggested by trap capture composition. Cx. nigripalpus, Cx. erraticus, and An. quadrimaculatus showed a close relationship to the edge habitats as well, based on the correspondence analysis. This has implications for future scouting and surveillance efforts, as known sites with a history of yielding samples with similar mosquito compositions may be likely candidates for detecting L. shannoni. Further investigation into predicting the presence of L. shannoni based on historical mosquito records is warranted.
It was also noticed that early during both population peaks, captured L. shannoni specimens, especially in edge habitats, were predominately males. This may likely be an artifact of earlier male emergence that has been observed in this species in laboratory colony (Ferro et al. 1998 ). However, the apparent preference for edge habitats may reßect mating behavior, as males many species of sand ßies have been previously documented to exhibit like behavior (Young and Duncan 1994) . Later in the season, this effect diminished suggesting a decrease in male population or a shift in questing interest away from CO 2 sources (and presumably mating) to other stimuli, such as carbohydrate sources (Young and Duncan 1994) .
Conversely, females generally dominated captures in pasture environments throughout the season; likely a result of attempted blood questing from the cattle often observed in these locations. This observation may be of particular veterinary interest and may warrant additional study potentially including sentinel animals, blood-meal analysis or both, including pathology screening.
Overall, these studies expand the knowledge of the spatial distribution of L. shannoni on a habitat scale within agroecosystems in a geographical region not previously examined. Understanding of sand ßy habitat and presumed adult resting areas are central components to the management strategies described for many phlebotomines and mosquitoes (Perich et al. 1993 , Alexander et al. 1995 , Robert and Perich 1995 , Hubbard et al. 2005 , Trout et al. 2006 , Trout et al. 2007 .
The implications of the Þndings may prove to be useful in the event of a future outbreak of sand ßy vectored pathogens in the eastern United States where an IPM strategy is warranted, possible involving cultural control (e.g., avoidance of areas by humans or livestock where sand ßies are most prevalent) or chemical control of the insects by targeting speciÞc habitats.
